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Abstract

Two relatedproblemsof front projectiondisplayswhichoc-
curwhenusersobscureaprojectorare:(i) undesirableshad-
owscaston thedisplayby theusers,and(ii) projectedlight
falling on anddistractingthe users.This paperprovidesa
computationalframework for solving thesetwo problems
basedonmultipleoverlappingprojectorsandcameras.The
overlappingprojectorsareautomaticallyalignedto display
thesamedekeystonedimage.Thesystemdetectswhenand
whereshadows arecastby occludersandis able to deter-
mine thepixelswhich areoccludedin differentprojectors.
Throughafeedbackcontrolloop,thecontributionsof unoc-
cludedpixelsfrom otherprojectorsareboostedin theshad-
owed regions, therebyeliminating the shadows. In addi-
tion, pixelswhich arebeingoccludedareblanked, thereby
preventingthe projectedlight from falling on a userwhen
they occludethe display. This canbe accomplishedeven
whentheoccludersarenotvisible to thecamera.Thepaper
presentsresultsfrom a numberof experimentsdemonstrat-
ing thatthesystemconvergesrapidly with low steady-state
errors.

1. Intr oduction
The increasingaffordability and portability of high qual-
ity projectorshasgenerateda surgeof interestin projector-
camerasystems.Recentexamplesincludetheconstruction
of seamlessmulti-projectorvideowalls [1, 2, 3], real-time
rangescanning[4] andimmersive 3-D virtual environment
generation[5]. In mostof theseprevioussystems,cameras
areusedto coordinatethe aggregation of multiple projec-
tors into a single,largeprojecteddisplay. In constructinga
videowall, for example,thegeometricalignmentandpho-
tometricblendingof overlappingprojectoroutputscanbe
accomplishedby usinga camerato measurethe keystone
distortionsin projectedtestpatternsandthenappropriately
pre-warping the projectedimages. The result is a highly
scalabledisplaysystem,in contrastto �x edformatdisplays
suchasplasmascreens.

Our goal is to incorporateprojectedlight displaysinto
standardphysical environmentssuchasclassrooms,living
rooms,or kitchens. In thesesettings,a projector-camera
systemcould createubiquitous,interactive displaysusing

theordinaryvisiblesurfacesin aperson'senvironment.Dis-
plays could be conveniently locatedon tabletops,nearby
walls,etc.Userscouldrepositionor resizethemusingsim-
plehandgestures.Displayscouldevenbe“attached”to ob-
jectsin theenvironmentor bemadeto follow auseraround
asdesired.This couldbeparticularlycompellingasmeans
to augmenttheoutputcapabilitiesof handhelddevicessuch
as PDAs. In order to realizethis vision, two challenging
sensingproblemsmust be solved: (1) Createstabledis-
plays in the presenceof environmentaldisturbancessuch
aschangingambientlight andocclusionsby theusers.(2)
Determinewhereandwhento createdisplaysbasedonuser
activities.

In this paperwe examinethenovel visualsensingchal-
lengesthat arisein creatingstableocclusion-freedisplays
using projectedlight in real-world environments. In par-
ticular, we addressthe two problemsthat arise in front-
projectionsystemswhena userpassesbetweentheprojec-
torsandthedisplaysurface:(1) Shadowscastonthedisplay
surfacedueto the occlusionof oneor moreprojectorsby
theuser, (2) Bright light projectedon theuser, which is of-
tena sourceof distractionanddiscomfort.We demonstrate
that theseproblemscanbesolvedwithout accurate3-D lo-
calizationof projectors,cameras,or occluders,andwithout
accuratephotometriccalibrationof thedisplaysurface.The
key is a display-centriccamerafeedbackloop that rejects
disturbancesandunmodeledeffects.

Oursystemusesmultiple,conventionalprojectorswhich
are positionedso that their projectionsoverlap on the se-
lected display surface.1 The resulting systemproduces
shadow-freedisplaysevenin thepresenceof multiple,mov-
ing occluders.Furthermore,projectorlight caston theoc-
cludersis suppressedwithout affecting the quality of the
displayasshown in �gure 5.

2. SystemOverview
Our systemcomprisesa numberof projectorswhich are
aimedat a screensuchthattheir projectionregionsoverlap
andacamerawhich is positionedsuchthatcanview theen-
tire screen.Duringnormalfunctioning,thesystemdisplays

1In theevent thatnot enough®xedprojectorsareavailablefor a given
environment,aprojector-mirror systemsuchas[6] couldbeused.



a high quality, dekeystonedimageon the screen. When
userswalk betweentheprojectorsandthescreen,shadows
arecaston thescreen.Theseshadows canbeclassi�ed as
umbral whenall projectorsaresimultaneouslyoccluded,or
penumbral whenat leastoneprojectorremainsunoccluded.
The systemeliminatesall penumbralshadows caston the
screen,2 aswell assuppressingprojectorlight falling on the
occluders.This enablesthe systemto continuepresenting
a high quality imagewithout projectingdistractinglight on
users.See�gure 1 for thesetup.
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Figure 1: An overhead view of the multi-projector display system.
Several projectors (P1 , P2 ) are placed such that their projection ar-
eas converge onto the display surface (S). A camera (C) is po-
sitioned so that S is clearly visible in its �eld of view. Once the
homographies relating Pi , C, S are automatically determined, the
projectors combine their pre-warped outputs to create a single high-
quality image on S. The system simultaneously removes shadows
on the display and light projected on the occluders, even when the
occluders are not visible in the camera.

A classicalapproachto designingsucha systemwould
beto localizetheprojectors,camera,display, andoccluders
in 3-D.Thiswouldmakeit possibleto predicttheshadowed
region andthe projectorpixels which arebeingoccluded.
Given further informationaboutthe re�ectanceproperties
of the surface, the optimal compensationcould be deter-
minedandapplied. This approachhasa strongdisadvan-
tagethatany errorsin localizationandsensinghaveadirect
impacton thequalityof thedisplay. Particularlyin thecase
of trackingoccluders,signi�cant errorsarelikely. This pa-
perexploresthealternativeapproachof de�ning thedesired
screenoutput and using geometricand photometriccom-
pensation,insidea tight visualfeedbackloop, to correctfor
errorsanddisturbances.

Thetwo classesof problemsto beaddressedin our sys-
tem are: (i) geometric,and(ii) photometric.The geomet-
ric problemsrelateto computationof thespatialcorrespon-
dencesbetweenpixels in the projectorsand the projected
displayon thescreen.Theprojectorsshouldbeaccurately

2By de®nition,pixelsin anumbralshadow areblockedfrom everypro-
jectorandcannotberemoved. Umbralshadows canbeminimizedby in-
creasingthenumberof projectorsandbymountingtheprojectorsathighly-
obliqueangles.

and automaticallycalibratedto the screen,to the camera
andto eachother. Thecalibrationshouldenabletheimages
in eachprojectorto bepre-warpedsoasto createa desired
projecteddisplaythat is alignedwith thescreen.Addition-
ally, the imagesshouldbe warpedquickly andef�ciently .
The photometricissuesarethe accurateandfastcomputa-
tion of thedesiredpixel intensitiesin eachprojectorsoasto
eliminateshadowsandsuppressoccluderillumination. This
involvesocclusiondetectionbasedoncamerainputandcor-
rectlyadaptingtheprojectoroutputto achievethenecessary
goals.Thesetwo classesof problemsareaddressedin sec-
tions3 and4 respectively.

3. Multi-Pr ojector Alignment
As shown in �gure 1, several projectorsareplacedso that
their projectionareasall converge onto a display surface
S. The goal is to combinethe light from the projectorsto
createa single,sharpimageon S. Clearly, onecannotsim-
ply projectthesameraw imagesimultaneouslythroughthe
differentprojectors;notonly doesagivenpointonS corre-
spondto verydifferentpixel locationsin eachprojector, but
the imageproducedon S from any singleprojectorwill be
distorted(sincetheprojectorsareoff-centerto S).

Thegeometricrelationbetweentheprojectoroutput,the
displayon thescreenandthecamerainput canbemodeled
via 2-D planarhomographies.The homography for each
camera-projectorpairTc;P i canbedeterminedby projecting
a rectanglefrom the given projectorinto the environment.
The coordinatesof the rectangle's cornersin projectorco-
ordinates(x i ; yi ) areknown a priori , andthecoordinatesof
thecornersin thecameraframe(X i ; Yi ) arelocatedusing
standardimageprocessingtechniques.3

The displayareais eitherautomaticallydeterminedus-
ing the camera,or interactively speci�ed by the user. The
formercaserequiresthedisplaysurfaceto bea white, rect-
angularprojectionscreenagainstacontrastingbackground.
Sucha screenshows up clearly in the cameraimageasa
bright quadrilateral,and can be unambiguouslyidenti�ed
by theautomaticcalibrationprocess.

Alternatively, theusermayinteractively specifythedis-
playareaby manipulatingtheoutlineof aprojectedquadri-
lateral in any projectoruntil it appearsas a rectangleof
thedesiredsizeon thedisplaysurface.This directly speci-
�es thehomography betweentheselectedprojectorandthe
screenTP i ;s ; the outline of the selectedrectangleis then
be detectedin the cameraimageto determinethe camera
to screenhomography Tc;s andto automaticallyalignall of
theotherprojectors.

More recently, we presenteda system[8] thatis capable
of detectingphysicalmarkersandupdatehomographieson

3Hough-transformline-®tting [7] locatestheedgesof thequadrilateral,
andits cornercoordinatesaregivenby intersectingtheselines.



the �y . Thesystemis alsocapableof maintaininga stable
displayevenwhenprojectorsandcamerasareshifted.

Theprojector-screenhomographiesTP i ;s modelthege-
ometricdistortion(keystonewarping)that is inducedwhen
animageis projectedfrom anoff-centerprojectorPi . This
distortioncanbecorrectedby projectinga pre-warpedim-
age,generatedby applying the inversetransformT � 1

P i ;s to
the original image.4 SinceT � 1

P i ;s TP i ;s = I , one can see
that the pre-warpingalsoalignsthe imagesfrom different
projectorsso that all arepreciselyprojectedonto S. Ap-
plying the homographiesderived from cameraimages,a
multi-projectorarraycan thusbe ef�ciently con�gured to
eliminatekeystoningdistortionsanddoubleimageson the
displaysurface.

4. Photometric Framework for Multi-
Projector Display

After the projectorshave beengeometricallyaligned,we
caneasilydeterminewhich sourcepixels from the projec-
torscontribute to the intensityof anarbitraryscreenpixel.
In thefollowing analysis,we assumethat thecontributions
areatsomelevel additive. GivenN projectors,theobserved
intensityZ t of aparticularscreenpixel at timet maybeex-
pressedby

Z t = C
�

k1t S1(I 1t ) + � � � + kN t SN (I N t ) + A
�

; (1)

whereI j t is thecorrespondingsourcepixel intensitysetin
projectorj attimet, Sj (�) is theprojectortoscreenintensity
transferfunction,A is theambientlight contribution which
is assumedto betimeinvariant,C(�) is thescreento camera
intensity transferfunction andkj t is the visibility ratio of
the sourcepixel in projectorj at time t. Note that all the
variablesandfunctionsalsodependon thespatialposition
of the screenpixel, but this is omitted from the notation
sincewewill considereachpixel in isolation.See�gure 2.

Whenoccludersobstructthepathsof thelight raysfrom
someof the projectorsto the screen,Z t diminishesand
shadows occur. This situationis quantitatively modeledvia
thevisibility ratios,which representtheproportionof light
raysfrom correspondingsourcepixelsin theprojectorsthat
remain unobstructed. If the projectorswere modeledas
point-light sources,occluderswould block either noneor
all of the light falling on a given pixel from any particular
projector;therefore,kj t would bea binaryvariable. How-
ever, this assumptionis not valid in real-world conditions.
Oursystemmustcopewith partialoccluders(createdby ob-
jectsnearthe projector)that castfuzzy-edgedshadows on
thescreen.In thesecaseskj t denotesthedegreeof occlu-
sionof projectorj for thegivenpixel.

4In our currentsystem,this pre-warp is ef®ciently implementedusing
the texture-mappingoperationsavailable in standard3-D graphicshard-
ware.
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Figure 2: Photometric framework. This diagram illustrates equa-
tion (1), in which the observed display intensity Z t is related to the
combination of projector source pixels I j t and the corresponding
visibility ratios k j t . The visibility ratios vary accordingly with non-
occlusion, partial and full occlusion.

4.1. Occlusiondetection
Ratherthan locating occludersby tracking objectsin the
environment, the systemfocusesexclusively on detecting
deviation of theobservedintensitieson thescreenfrom the
desiredintensitieswhenoccludersarenotpresent.Thema-
jor causeof deviation is occlusion,althoughdeviation can
alsooccurbecauseof changesin ambientlighting, projec-
tor failure,etc.Oursystemcanhandleall of theseproblems
(asdiscussedin thenext section).No assumptionsaremade
aboutthelocations,sizesor shapesof occluders.

Mathematically, the desired intensity of a particular
screenpixel may be representedby Z0. This may be ob-
tainedin the initialization phasewhenthe systemprojects
eachpresentationslideandcapturesseveralcameraimages
of the projecteddisplay while occludersare absent. As
an occluderis introducedin front of projector k to cre-
ate penumbralshadows, the visibility ratio kj t decreases,
suchthat kj t < 1. HenceZ t < Z0. Thesedeviations in
the screencan be detectedvia a pixel-wise imagediffer-
encebetweencurrentandreferencecameraimagesto locate
shadow artifacts.

4.2. Iterati vePhotometric Compensation
Oursystemhandlesoccludersby

1. compensatingfor shadows on the screenby boosting
theintensitiesof unoccludedsourcepixels;and

2. removing projector light falling on the occluderby
blankingtheintensitiesof occludedsourcepixels.

Thedegrees-of-freedomavailableto usarethesourcepixels
I j t which may be changed.Hencefor a shadowed screen
pixel whereZ t < Z0, weideallywantto compensatefor the
shadow (i.e. settingZ t +1 = Z0) by (i) increasingI j ( t +1) to



be larger than I j t if kj t = 1, and(ii) reducingI j ( t +1) to
zeroif kj t < 1.

However, it is verydif�cult to accuratelymodelC(�) and
Sj (�). Even if we know the exact valuesfor the ambient
lighting andvisibility ratios,it is almostimpossibleto up-
datethesourcepixelssuchthatin onetimesteptheshadows
areeliminated.Fortunately, we expectC(�) andSj (�) to be
positivemonotonic,andaniterativenegative feedbackloop
canbe usedto computeI 1t ; : : : ; I N t requiredto minimize
Z t � Z0.

Theadvantagesof suchasystemare:

� it doesnotrequireexplicit modelingof C(�) andSj (�),

� it doesnot requireexplicit measurementof thevisibil-
ity ratioskj t ,

� it is ableto handleslowly varyingambientlight.

As in [9], the changein the intensityof eachsourcepixel
in eachprojectoris controlledby thealphavalueassociated
with thepixel:

I j t = � j t I 0; (2)

whereI 0 is theoriginal valueof thesourcepixel (i.e. pixel
value in the presentationslide) and is the sameacrossall
projectors,while � j t ; 0 < � j t < 1 is the time-varying,
projector-dependentalphavalue. The alphavaluesfor the
sourcepixels in oneprojectoris collectively termedtheal-
phamaskfor theprojector.

The earliersystemdescribedin [9] cancompensatefor
shadows but is incapableof suppressingprojectedlight
falling on the occluder. In particular, that simplermethod
cannotdistinguishbetweenthe contributionsof individual
projectors. Instead,all projectorsboosttheir pixel inten-
sities for eachoccludedregion. This hastwo undesirable
consequences:(1) bright “haloes”mayappeararoundelim-
inatedshadows,particularlywhenoccludersarein motion;
and (2) the amountof distractinglight projectedon users
is increasedratherthanreducedby thesystem.This moti-
vatestheneedfor amorecomplex solutionwherethealpha
masksaredifferentfor differentprojectors.

The approachadoptedhere is to design components
which separatelyhandlethe problemsof shadow elimina-
tion andoccluderlight suppression,andintegratetheminto
a completesystem. Theseare discussedin the following
sections.

4.3. Shadow Elimination
Eliminating shadows involve increasingvaluesfor corre-
spondingsourcepixels.Theshadow elimination(SE)com-
ponentof thesystemis basedon

(� � j t )SE = � 
 (Z t � Z0); (3)

where� � j t = � j ( t +1) � � j t is changeof � j t in thenext
time-frame,and
 is a proportionalconstant.This compo-
nentis asimple,linearfeedbacksystem.

4.4. Occluder Light Suppression
Suppressingprojectorlight falling on occludersinvolve di-
minishingthe sourcepixels correspondingto the occluded
light rays.Wedeterminewhetherasourcepixel is occluded
by determiningif any changesin thesourcepixel resultin
changesin the screenpixel. However, sincethereare N
possiblechangesof sourcepixel intensitiesfrom N projec-
tors but only one observable screenintensity, we needto
probeby varying the sourcepixels in different projectors
separately. Thiscyclical probingresultsin aserialvariation
of theprojectorintensities.

The light suppression(LS) componentof the systemis
basedon

(� � j t )LS = � �
� � 2

j ( t � N )

� Z 2
t � N + �

; (4)

where� Z t � N = Z t � N +1 � Z t � N is the changein the
screenpixel intensitycausedby the changeof alphavalue
� � j ( t � N ) in the previous time framewhenprojectorj is
active,and� is asmallproportionalconstantand� is asmall
positiveconstantto preventanull denominator.

Therationalefor (4) is thatif thechangein � j t resultsin
a corresponding-sizedchangein Z t , thesubsequentchange
in � j t will berelatively minor (basedon a small � ). How-
ever if achangein � j t doesnotresultin achangein Z t , this
impliesthat thesourcepixel is occluded.Thedenominator
of (4) approacheszeroand � j t is strongly reducedin the
next time frame. Henceoccludedsourcepixels areforced
to black.

Notethat theprobetechniquemustbeemployedduring
shadow eliminationaswell. In particular, thesystemmust
beableto discover whena pixel which wasturnedoff due
to thepresenceof anoccluderis availableagain,dueto the
occluder's disappearance.This constraintis smoothlyin-
corporatedinto ouralgorithm.

4.5. Integrated Systemfor Shadow Elimina-
tion and Occluder Light Suppression

The integratediterative feedbacksystemcombines(3) and
(4) to get

� � j t = (� � j t )SE+ (� � j t )LS : (5)

Thealphavaluesareupdatedwithin limits suchthat

� j t =

8
<

:

1; if � j t + � � j t > 1;
0; if � j t + � � j t < 0;

� j t + � � j t ; otherwise:
(6)

Thefollowing syntheticexampleillustratesthesystem.For
a particular screenpixel at a typical steadystate when



shadows have beeneliminated,supposethe corresponding
sourcepixel at projector 1 has � 1t = 0 and the source
pixel at projector2 has� 2t = 1. At this state,Z t = Z0

and � � j t = 0 via (5). If sourcepixel 2 is suddenlyoc-
cludedand sourcepixel 1 is unoccluded,then Z t < Z0

becausesourcepixel 1 is still black. However, � � 1t be-
comesdominatedby (� � 1t )SE which forcessourcepixel
1 to bebright. Ontheotherhand,� � 2t becomesdominated
by (� � 2t )LS sincethescreenpixel doesnot changewhen
� j t is changed.This forcessourcepixel 2 to bedark. Note
that even whensourcepixel 2 becomesunoccluded,noth-
ing changesif sourcepixel 1 remainsunoccludedsincethe
shadows have alreadybeensatisfactorily eliminated. See
�gure 3. This particularlyillustratesthehysteresiseffect in
which sourcepixels arenot boostedor blanked until new
shadows are created– the systemdoesnot automatically
returnto anoriginalstate,norchangeasaresultof deocclu-
sion.
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Figure 3: Synthetic example of transitions in projector source pixel
intensities. This graph shows the intensity transition of two corre-
sponding projector source pixels over time, subject to four events of
occlusions and deocclusions. Note the hysteresis effect in which the
source pixels are not boosted or blanked until new occlusion events
occur.

4.6. SystemDetails

Most of thecomputationis carriedout in thecameraframe
of reference.Thedifferencesbetweentheobservedandde-
siredintensitiesZ t � Z0 for all screenpixels areobtained
simply by subtractingthe currentcameraimagefrom the
referencecameraimage.Similarly, thealphavaluesof the
sourcepixels within the sameprojectoris collectively the
alphamaskfor theprojector. Thealphamasksarealsocom-
putedin the cameraframeof referenceandmustbe trans-
formedinto thescreenframeof referencebeforethey canbe
applied;this is doneusingthe camera-screenhomography
Tc;s discussedin section3.

Applying thealphamasksto thecurrentslideis straight-
forward. For eachprojector, thecorrespondingalphamask
is warpedandreplacesthe alphachannelof the slide im-
age.Theslideis thenpre-warpedfor theprojector(usingits
particularscreen-to-projectorhomography) anddisplayed.
This is doneseparatelyfor everyprojector.

Figure4 illustratesthe algorithm. During its initializa-
tion phase(when the sceneis occluder-free) the system
projectseachpresentationslideandcapturesseveralcamera
imagesof the projecteddisplay. Theseimagesare pixel-
wise averagedto createa referenceimage for that slide,
and this imagerepresentsthe desiredstateof the display
(�gure 4, referenceimage). The goal of occlusiondetec-
tion is to identify regionsin thecurrentimagethatdeviate
from this ideal state. During operation,the systemcam-
eracontinuouslyacquiresimagesof the projecteddisplay
which maycontainuncorrectedshadows. Thecomparison
betweenthe observed imagesandthe referenceimagefa-
cilitatesthecomputationof thealphamasksfor individual
projectorsthrough(5). Thesearemergedwith thepresenta-
tion slidein thescreenframeof reference,followedby fur-
ther warping into the projectorframeof reference.These
projectedimagesfrom all projectorsopticallyblendto form
theactualscreendisplay.
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Figure 4: System summary diagram. This diagram summarizes the
shadow elimination and occluder light suppression system. See text
for details.

Sincewe do not have goodphotometricmodelsof the
environment,projectorsor camera,we cannotpredictpre-
ciselyhow muchlight is neededto removeashadow. How-
ever, the iterative feedbackloop usedto updatethe alpha
maskallows usto avoid this problem:thesystemwill con-
tinueaddinglight to shadowedregionsuntil theregion ap-
pearsasit did in thereferenceimage.Similarly, thesystem
will blank projectorsourcepixels which areoccludedand
do not affect theobservedimages.This approachhasaddi-
tionalbene�ts.For instance,thesystemdoesnot requirean
accuratephotometricmodelof the shadow formationpro-
cessto correctfor occlusionswith non-binaryvisibility ra-
tios,e.g.,thediffuseshadow createdby ahandmoving near
theprojector. Thedrawbackto suchan iterative technique
is that thealphamaskcanrequireseveral iterationsto con-
verge;in practice,shadowsareeliminatedin approximately



5–7iterations.
To reducethe effects of cameranoiseand minor cali-

brationerrors,we apply a 5� 5 spatialmedian�lter to the
differenceimage. A negative value in a differenceimage
pixel meansthatthecorrespondingpatchon thescreenwas
under-illuminatedin thecurrentimage.

5. Results
The experimentsdescribedin this section are basedon
the following implementation. Imagesare acquiredus-
ing an NTSC camera(640� 480) attachedto a PCI digi-
tizer; the output subsystemconsistsof two CompaqMP-
2800XGA-resolution(1024� 768)DLP microportablepro-
jectorsdrivenby a dual-headedgraphicscard;thesoftware
runsonastandardworkstation,andimagewarpingexploits
OpenGLtexture-mappingprimitives.Theprojectorsarepo-
sitionedon either side of a whiteboardand the camerais
mountedatanextremeangleto ensureocclusion-freecover-
ageof thedisplaysurfaceThelocation,orientationandop-
tical parametersof thecameraandprojectorsareunknown.

Note that the cost of shadow elimination is the useof
redundantprojectors.This meansthatat any point in time
therearepixelsononeor moreprojectorsthatarenotbeing
utilized becausethey fall outsidethedisplaysurfaceor are
occluded.Wefeel this is asmallpriceto pay, particularlyin
comparisonto thelargecosts,in eitherexpenseandrequired
space,for otherdisplaytechnologiessuchasrearprojection
or plasma. Fortunately, portableprojectorsare becoming
increasinglyaffordableastheir imagequality improvesand
theirweightdecreases.

Someimagesof the systemin actionareshown in �g-
ure5. Note theaccuracy of themulti-projectoralignment.
In multi-projectordisplayblending,any inaccuraciesin the
homography estimationlead to misalignmentin projected
imagescreatingglaringartifactssuchasdouble-images.In
�gure 5, it canbeseenthatthemulti-projectordisplayis as
sharpasthe single-projectordisplay. Additional quantita-
tivemeasurementsarediscussedin thefollowing sections.

5.1. SteadyStateShadow Elimination
The qualitative resultsof shadow eliminationasshown in
�gure 5 arecon�rmed by experimentscomparingour sys-
tem'sperformancewith passiveone-andtwo-projectorsys-
tems.A seriesof slidesweredisplayedusingthethreesys-
tems, �rst without occludersand then with static occlud-
ers in the scene. Imagesof the display region were cap-
turedusinga tripod-mountedcamera.Wecomputedasum-
squared-difference(SSD)of thegray-level intensities(over
the pixels correspondingto the displayregion in the cam-
eraimage)for eachslidepair (with andwithoutoccluders).
Table 1 summarizestheseresults. As expected,the (um-
bra) shadows in the single-projectordisplayarethe major

(a) (b)

(c) (d)

Figure 5: Comparison between different projection systems. These
images were taken from an audience member's viewpoint: (a) Two
aligned projectors, passive; (b) Two aligned projectors with shadow
elimination only; (c,d) Two aligned projectors with shadow elimina-
tion and occluder light suppression. Note that the user's face is
harshly illuminated in (a) and (b), while completely dark in (c) and
(d).

sourceof error. We seea signi�cant improvementwith two
projectorssincethemajority of occlusionsbecomepenum-
bral. The bestresultsareachieved whenthesepenumbral
occlusionsareactively eliminatedusingoursystem.

(i) SSDerrorper (ii) Avg. normalized
pixel overdisplay intensitymeasured
(norm.intensities) onoccluder's face

Oneprojector 148:0 � 10� 3 0:568
Two projectors 12:8 � 10� 3 0:455
Shadow elimination 0:242 � 10� 3 0:561
Sh.elim. + occ.light supp. 2:5 � 10� 3 0:113

Table 1: The result shows (i) average SSD error between an un-
occluded reference image and the same scene with a person oc-
cluding both projectors, and (ii) normalized intensity of light on the
occluder, averaged over the visible pixels. A two-projector display
improves the display by simply muting the shadows. Our system
not only removes the shadows entirely as shown in �gure 5, but
also eliminates the distracting illumination on the user's face.

5.2. SteadyStateOccluder Light Suppression
Wecomparetheamountof projectorlight falling on theoc-
cluderby measuringtheaveragepixel intensityof theuser's



facein imagestakenfrom anaudienceviewpoint. Thepas-
sive single-projectorsystembrightly illuminatesthe user's
face.5 In the passive two-projectorsystem,eachprojector
operatesat a reducedbrightness;themeasuredaveragein-
tensityis lower becausetheuser's faceis illuminatedfrom
two directionsandsomeof the light from the secondpro-
jectorilluminatesareasof thefacethatarehiddenfrom the
audiencecamera.Theshadow-eliminationsystemfrom [9]
alsousestwo projectors,but eachprojectorincreasesillu-
minationfor pixels in theshadowedregion,creatinga very
bright patchof light on theoccluder. Thesystemdescribed
in this paperdramaticallysuppressesoccluderillumination
ascanbeseenfrom �gure 5 andTable1.

5.3. SystemResponse

Sinceour algorithmusesaniterative technique,we wanted
to con�rm that the methodconvergesquickly to a stable
valuewithoutexcessive oscillationor overshoot.We evalu-
atethesystemresponseto occludersby measuringthetime-
variationof (i) the averageSSDper pixel betweenthe ob-
served and referencescreenimages,and (ii) the average
pixel intensityon theoccluder's face.Theresponseis mea-
suredby suddenlyintroducingan occluderinto the scene
andrecordingtheobservedstateof thedisplayfrom thatin-
stant. The measurementsweretaken with a video camera
placedin theaudiencearea.

Figures 6 (a) and (b) presentsystemtracesfor both
experiments. In eachgraph,one traceshows the system
from [9] while theotherplotstheresponseof thecombined
shadow eliminationandoccluderlight suppressionsystem.
The combinedsystemtakes much longer to converge for
two reasons.First, the systemis morecomplex and runs
moreslowly. Eachiterationof thealgorithmtakesapproxi-
mately3–4timeslongerthanacomparableiterationfor the
former system;this is easily seenfrom the length of the
stepsin thegraphs.Second,thecombinedsystemrequires
cyclical projectorprobingto determinetheoccludedprojec-
tor. Consequently, anN projectorsystemrequiresN times
longerto converge.

Theinitial SSDerrorfor thetwo systemsdiffer because
theformerstartswith bothprojectorson (equivalentto a 2-
projectorpassive system)while thecombinedsystemstarts
with one projectoron, and the other projectoroff. Thus,
whenthe occluderis initially introduced,the shadows for
thecombinedsystemareasdarkasumbralocclusions.The
SSDerrorsfor both systemsdrop quickly with eachitera-
tion andthe�nal errorsarecomparable.

Figure6(b) demonstratesthe clearbene�ts of the com-
binedsystem. The introductionof the occludercausesan

5This is identicalto a conventionalfront-projectionsetup.Many users
®ndthisblindinglight veryirritating andpreferrear-projectionsystemsfor
this reason.
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Figure 6: System responses for comparison of previous[9] and cur-
rent systems. (a) Responses for shadow elimination, based on av-
erage SSD error per pixel over time. (b) Responses for occluder
illumination, based on average pixel intensity of region containing
occluder's face. Although the current system is slower, there is
substantial occluder light suppression and the steady-state shadow
elimination error is comparable.

increasein brightnesson theuser's facefor theformersys-
temwhile thecombinedsystemquickly removestheunde-
sirablelight.

Another advantageof our current systemis that it is
signi�cantly more resistantto a moving occluder. In [9],
the slight swaying motion of a standingoccludercreates
very noticeable“halo” effects due to the occluder's lead-
ing edgecreatinga shadow while thetrailing edgecreating
an inverse-shadow (whenoccludedsourcepixels in a pro-
jectorareunoccluded).In our system,theoccludedsource
pixelsareblanked;hencenoinverse-shadowsarecreatedby
deocclusion.Additionally, thehysteresiseffectensuresthat
sourcepixel statesarenot changeduntil new shadows are
created.This meansthatsourcepixelscyclically occluded
by thespanof theoccluderswayingmotioneventuallybe-
comeblankedandnonew shadows(or artifacts)arecaused.

A bene�t of using a feedbacksystem(as opposedto
a photometricmodel approach)is that the systemis sur-
prisingly robust. For instance,if one of the projectorsin
the multi-projectorarray were to fail, the remainingpro-
jectorswould automaticallybrightentheir imagesto com-
pensate.Furthermore,the overall brightnessof the entire
multi-projectorarraycanbe changedsimply by adjusting
thecameraaperture.

5.4. Predictive Photometric Corr ection with a
Two Projector System

Our systemsolvestwo problemsthroughfeedbackcontrol
of projectedlight: (i) iterative feedbackavoidstheneedfor
accuratephotometricmodels,and(ii) cyclical probingcir-
cumventstheneedto instantlydeterminewhich projectors
areoccludedfor eachpixel.

Thedisadvantageof this approachis therateof conver-
gencewhich is approachingbut not yet reacheda suf�cient
speedfor normaluse.

In orderto studyaspecialcasewherethesetwo problems
aresolvedthroughsimplermeans,we have implementeda



two projectorbinaryswitchingsystem,wheretheprojector
contributive outputon thescreenhasbeenequalizedmanu-
ally. This resolvesthe issueof photometricmodels.Addi-
tionally, eachpixel on thescreenis illuminatedby only one
projectorat any onetime. Henceif thereis any observed
deviation in pixel value from the referencepixel value, it
maybededucedthat theilluminating projectoris occluded
withoutactiveprobing.Thesystemimmediatelyblanksthe
pixel contribution from the currentilluminating projector,
and turnson the contribution to the otherprojector. This
resultsin a binaryswitchingprocessthat is extremelyfast.
The exact solutionis obtainedin a singletime frame,and
in our experimentsthe current implementationeliminates
shadows andsuppressesoccluderlight atabout3 Hz.

6. RelatedWork
Researchin theareaof camera-assistedmulti-projectordis-
playsis becomingmorepopular, particularlyin thecontext
of seamlessvideo walls [1, 2, 3, 5]. However, therehas
beenlittle work in usingredundantprojectorcon�gurations
to createstableforward-projectiondisplays.In [9], asimple
camerafeedbacksystemis usedto generatea singlealpha
maskthatis appropriatelywarpedandappliedto everypro-
jector in the display to eliminateshadows. Although this
techniqueworks in real-time,it generatessigni�cant addi-
tional light on the presenter. Jayneset al. [10] removed
shadows without a feedbackloop, but the resultingalgo-
rithm is very slow. We believe thatour resultsin removing
theprojectedlight falling on occludingobjectsareunique.
A simplecamerafeedbacksystem,relatedto the onepre-
sentedhere,wasusedby [3] to adjustprojectorillumination
for uniform blendingin theoverlapregion of a videowall.
In [6] aprojector-mirror systemis usedto steertheoutputof
a singleprojectorto arbitrarylocationsin anenvironment.
TheShaderLampssystem[11] usesmultipleprojectorsand
a known 3-D modelto synthesizeinterestingvisualeffects
on 3-D objects.Theself-calibrationtechniquesusedin this
paperwereadoptedfrom [12], wherethey wereappliedto
thetaskof automatickeystonecorrectionfor singleprojec-
tor systems.

7. Conclusionsand Futur eWork
This paperdescribesa practicalsystemfor creatinga sta-
ble, occlusion-freedisplayon ordinarywall surfacesusing
multiple overlappingfront projectorsand a camera. The
systemautomaticallyalignstheprojectedimageto thedis-
play, compensatesfor shadows caston the displaydue to
projectorocclusion,andalsoremovesunwantedprojector
light on theoccluders.Thissystemenablesimmersive,om-
nipresentdisplaysto begeneratedin any generalindoorlo-
cation, which is impracticalor impossiblewith monitors,
plasmadisplaysandrear-projectionsystems.

In the future, we plan to extend the systemin several
ways. In additionto increasingtheframerateat which the
systemoperates,we will incorporatemultiple camerasinto
thevisualfeedbackloop. Thiswill increasethesystem'sre-
liability in caseswhereasinglecamera'sview of thescreen
is also partially occluded. We aim to further develop the
connectionsbetweenoursystemandthevisualservoing lit-
erature[13, 14]. Our currentfeedbackloop canbeviewed
asa proportionalcontrollerandwe hopeto explore exten-
sionsto PID control. We arealsodevelopinguser-interface
techniquesfor controllingandadjustingvirtual displaysus-
ing handgestures.In particular, we areexploring shadow
detectionasameanstosupporttouch-basedinteractionwith
thevirtual display.
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